Abstract. In order to optimize the scheduled procedure of multi-pass hot rolling process, effects of process parameters on blank section size and austenite evolution during hot rolling should be investigated primarily. A set of mathematical models were established based on the existing models presented by literatures. These models are capable of describing the austenite grain growth during re-heating process, the austenite grain evolution during hot rolling and inter-pass schedule time. Then these models were coupled into thermo-mechanical simulation of multi-pass hot rolling process though user subroutines provided by commercial FEM solver ABAQUS/Explicit. The results show that the extent of austenite grain refinement in the H-shape metal web, under different rolling condition, is mainly dependent on the value of accumulative equivalent plastic strain of the scheduled multi-pass rolling process.
Introduction
Since the late 1970s, researchers have done a lot of works in the construction of mathematical models describing the thermo-mechanical phenomena of metal during hot forming process. The models include grain growth model during re-heating process, microstructure evolution model [1] [2] [3] during hot deformation as well as the model of the phase transformation form austenite to ferrite during cooling process [4] .The current numerical simulations and analysis of hot forming process mainly focus on single-pass or multi-pass plate and strip rolling [5] [6] [7] , single pass wire hot rolling [8] , two dimensional microstructure evolution of die forging process [9] , multi-pass hot rolling process by the generalized plane strain method [10, 11] . In the presented work a special procedure for the multi-pass rolling simulation [12, 13] was developed. Then a three dimensional FEM simulation of an 11-pass H beam hot rolling was performed, and the distribution of temperature, rolling force, austenite grain evolution were analyzed, the effect of processing parameters on the evolutionary process is summarized.
Mathematic Models

Mathematic Model of Grain Growth during Re-heating Process
Since there is a big difference in experimental results of austenite grain growth after a specific re-heating time presented in literatures [14] [15] [16] [17] , further experiments were made and the results were shown in table 1. In the end, the following mathematical model is established to calculate the average diameter of austenitic grain. (1) where d0 is the initial austenite grain size (µm), T is the re-heating temperature(K), A is a material dependent parameter, t is re-heating time (min), and R is the universal gas constant. For the Q235 steel, d 0 is 30µm and A is 1.56×10 12 .
Austenite Recrystallization Forecast Model for Rolling Process
The mathematical model of austenitic recrystallization fraction:
where q=1 for austenitic static recrystallization, and q=1.5 for dynamic recrystallization. The mathematical model of critical dynamic recrystallization plastic strain:
(3) where D 0 is the initial size of austenite grain before every rolling pass, Z is Zener-Hollomon parameter.
The mathematical model of time required for 50% static recrystallization:
where ε p eq is the Current equivalent plastic strain, D is the size of the austenite grain before static recrystallization.
The mathematical model of time required for 50% meta-dynamic recrystallization:
Mathematical Models of Austenite Grain Growth during Inter-pass Time
Usually the inter-pass time exceeds the time of 95% static recrystallization, so the grain growth during the inter-pass time should be taken into account. The following mathematical models were adopted to calculate the change of the average austenite grain size in this presented work. 
FEM Simulation of a Scheduled Multi-pass Rough Rolling of H-shape Metal Problem Description and the FEM Model
The whole rough rolling process used in industry for H-shape metal production can be generally described as the follow four steps. Firstly, the stock is preheated in the walking beam furnace for a scheduled time. Secondly, the stock is conveyed to a device with pre-designed de-scaling sprays to remove iron oxide scale layers from hot stock surfaces. Then it undergoes scheduled multi-pass hot rolling on a specific reversing mill. We consider the rough rolling process for the production of H400×200×8/12, a typical size of H-shape metal commonly used in construction sites. The stock has a 415×324mm cross section and 5000mm in length. Eleven rolling passes shaped by four different gauges with specific gaps were applied to the reversing roughing rolling process.A schematic drawing that illustrates the processing steps was shown as figure 1. Both rollers are assumed to be rigid body and modeled as an analytical rigid surface. All degrees of freedom of the roller are constrained except rotation about the z-axis, where a scheduled angular velocity value listed in table 2 is defined. The deformable hot stock is meshed with C3D8RT elements and for each analysis case the stock is given an initial velocity listed in table 4 in the x-direction to initiate the contact between rollers and stock.
Boundary and Initial Conditions
The heat transfer coefficient between rollers and hot stock was assumed to be dependent on the minimum gap distance between the contact surfaces of the roller and stock and implemented into ABAQUS/Explicit solver through user defined subroutine VFILM. The complete roughing rolling process including all 11 rolling passes was simulated using the input parameters shown in table 3. 
Results and Discussions
Results
The distribution of equivalent plastic strain in hot stock during the ninth rolling pass was shown in figure 3 , and the distribution of temperature in hot stock was shown in figure 4 . It was shown that the biggest plastic deformation appeared in the middle web of the H-shape metal, and the temperature in this zone increases because the heat generated by plastic deformation.
The distribution of dynamic recrystallization factor in hot stock during the ninth rolling pass was shown in figure 5 , the recrystallization fraction in hot stock was shown in figure 6 , and the distribution of predicted average austenite grain size in hot stock was shown in figure 7 . It was shown that the smallest austenite grain size appeared in the middle of H-shape metal web because the repeated dynamic recrystallization caused by the large enough equivalent plastics strain in this zone.The distribution of average austenite grain size in the hot stock after the entire eleven rolling passes were shown in figure 8 . It was shown that the smallest average austenite grain size was about 65µm. 
Discussions
1) During the time period waiting for entering the finishing mill, the austenite grain size grow up because the occurring of meta-dynamic or static recrystallization. In this presented work, the austenite grain size of the H-shape metal web grew up from 34m to 60m, and the grain size of the H-shape metal flange grew up from 152m to 160m. Therefore, in order to effectively keep the refinement effects of multi-pass rough rolling on the austenite grain of the H-shape metal, the inter-pass time from roughing rolling to finish rolling must be reduced as far as possible when making the schedule of the rolling process.
2) Numerical analyses show that when the accumulated plastic strain reaches a certain level, the minimum size of austenite grain of the web is changing from 30µm to 50µm. And further analyses show that under the same condition of re-heating process, the minimum grain size of austenite grain of the web is about 30µm when the linear rolling velocity is set to 2m/s.
